A 300C, functional messengers for dCMP hydroxymethylase first appeared 3 to 6 min postinfection and reached their maximum levels at 12 min. Chloramphenicol, added before the phage, reduced the rate of mRNA accumulation. When the antibiotic was added 6 min postinfection, mRNA levels increased at their normal rate but there was no obvious repression of messenger accumulation. Delaying the addition of drug until 8 or 12 min had progressively less effect on the pattern of hydroxymethylase mRNA metabolism. When chloramphenicol was present from preinfection times or from 6 min postinfection, all hydroxymethylase mRNA's synthesized were stable; at later times, however, the ability of the drug to stabilize mRNA decreased with its ability to delay the turnoff of mRNA production. An overaccumulation of hydroxymethylase mRNA was also seen when phage-specific DNA synthesis was inhibited either by mutational lesion in an essential viral gene or by 5-fluorodeoxyuridine. By min 20 of a DNA-negative program, hydroxymethylase mRNA synthesis was repressed to the point where it no longer compensated for decay. However, a finite level of hydroxymethylase mRNA synthesis was maintained at later times of a DNA-negative infection. Such results indicate that replication of the phage chromosome is necessary but not sufficient for a complete turnoff of hydroxymethylase mRNA production. Functions controlled by the maturation-defective proteins (the products of genes 55 and 33) played only a minor role in the regulation of hydroxymethylase mRNA metabolism. Thus, we favor the hypothesis that a complete turnoff of hydroxymethylase messenger production requires one or more new proteins as well as an interval of DNA replication. The absence of DNA synthesis had no particular effect upon dihydrofolate reductase messenger production. The preinfection addition of chloramphenicol likewise had little effect on dihydrofolate reductase messenger metabolism. These latter data imply that prior synthesis of a phage-coded protein synthesis may not be required for the turnoff of reductase messenger production.
A 300C, functional messengers for dCMP hydroxymethylase first appeared 3 to 6 min postinfection and reached their maximum levels at 12 min. Chloramphenicol, added before the phage, reduced the rate of mRNA accumulation. When the antibiotic was added 6 min postinfection, mRNA levels increased at their normal rate but there was no obvious repression of messenger accumulation. Delaying the addition of drug until 8 or 12 min had progressively less effect on the pattern of hydroxymethylase mRNA metabolism. When chloramphenicol was present from preinfection times or from 6 min postinfection, all hydroxymethylase mRNA's synthesized were stable; at later times, however, the ability of the drug to stabilize mRNA decreased with its ability to delay the turnoff of mRNA production. An overaccumulation of hydroxymethylase mRNA was also seen when phage-specific DNA synthesis was inhibited either by mutational lesion in an essential viral gene or by 5-fluorodeoxyuridine. By min 20 of a DNA-negative program, hydroxymethylase mRNA synthesis was repressed to the point where it no longer compensated for decay. However, a finite level of hydroxymethylase mRNA synthesis was maintained at later times of a DNA-negative infection. Such results indicate that replication of the phage chromosome is necessary but not sufficient for a complete turnoff of hydroxymethylase mRNA production. Functions controlled by the maturation-defective proteins (the products of genes 55 and 33) played only a minor role in the regulation of hydroxymethylase mRNA metabolism. Thus, we favor the hypothesis that a complete turnoff of hydroxymethylase messenger production requires one or more new proteins as well as an interval of DNA replication. The absence of DNA synthesis had no particular effect upon dihydrofolate reductase messenger production. The preinfection addition of chloramphenicol likewise had little effect on dihydrofolate reductase messenger metabolism. These latter data imply that prior synthesis of a phage-coded protein synthesis may not be required for the turnoff of reductase messenger production.
The genes of bacteriophage T4 can be split into two large groups. Early (prereplicative) genes are first expressed prior to the onset of viral DNA synthesis (1, 4, 5, 11, 23, 25, 29, 31, 33, 43, 44) . Late gene expression begins several minutes after the onset of DNA replication, and abundant expression of these genes requires (i) continuous DNA replication as well as (ii) continuous presence of the products of genes 33 and 55 (1, 6, 7, 12-14, 23, 25, 29, 37, 43, 47-49, 73 and the corresponding enzymes overaccumulate (7, 9, 13, 29, 38, 64, 69, 70, 77) .
In a general study, Wilhelm and Haselkorn (72) showed that early genes can be divided into three groups relative to the effects of DO and MD conditions on their transcription. Group I genes are turned off normally under both mutant conditions. This behavior is shown by the VOL. 19, 1976 et al., in press). Another common feature of group I genes is that their transcription starts to wane when abundant transcription of most early genes is just beginning. Hence, transcription of group I genes may well be repressed (using the term broadly) by a mechanism that becomes operational much sooner than the one that represses transcription of most other early genes. Transcription of group II genes is repressed normally under MD conditions but not under DO conditions; this group is represented by the gene for a-glucosyltransferase (76, 77 
RESULTS
HMase messenger accumulation in E. coli B/r infected with T4DameH26 and T4Dam-B24 amN82. During a normal program, HMase mRNA appeared between 3 and 6 min postinfection (Fig. 1) . Messenger levels increased until 12 min and then decreased exponentially with an apparent half-life of 8 min (Fig. 2) . Under DO conditions, messenger accumulation continued until 20 min, and the subsequent decay period proceeded with a half-life of 20 min ( Fig. 1 and 2) .
The slower apparent rates of mRNA decay Second, the slower rates of decay may be generated by residual levels of transcription. To discriminate between these alternatives, experiments were performed with rifampin, an inhibitor of RNA chain initiation (57, (65) (66) (67) , and streptolydigin, an inhibitor of RNA chain elongation (15, 56) . Added simultaneously, these drugs reduce the rate of RNA synthesis by >99% within 30 s (data not shown).
When transcriptional inhibitors were added either 12.5 or 20.5 min after infection by DO phage, mRNA decay proceeded with a half-life of 9 to 11 min (Fig. 2) . Within reasonable error, this rate of decay is identical to the one observed after normal repression of HMase mRNA accumulation ( Fig. 1 and 2 ). Thus, it is concluded that some de novo transcription of HMase mRNA did go on at late times of a DO program but at a rate that was insufficient to compensate for decay.
Effect of FUdR on functional messenger metabolism. ' The aforementioned data indicated that DO conditions generated by mutational lesion in an essential phage gene markedly influenced the production of HMase mRNA. To confirm that the observed effects were, in fact, attributable to the absence of phage-specific DNA replication, experiments were performed with T4DamN130 and the thymidine analogue 5-fluorodeoxyuridine (FUdR). Under nonpermissive conditions, amNl30 fails to elaborate a nuclease required for complete hydrolysis of the host genome (68) . As a result, all thymidine (dThd) nucleotides required for viral DNA synthesis must be synthesized de novo, a process that is readily inhibitable by FUdR (37) . Apart from its inability to completely hydrolyze the bacterial genome, amNl30 also displays the DNA-arrest phenotype (23); in other words, DNA synthesis starts normally but stops after a short time (Fig. 3B) .
Added up to 3 min postinfection, FUdR completely suppressed replication of the amN130 genome (Fig. 3A) . Delaying the addition of analogue to later times resulted in the synthesis of progressively higher amounts of DNA. At all times tested, a 100-fold weight excess of dThd reversed the effects of FUdR (Fig. 3A) .
In the absence of analogue, DHFR and HMase messenger production followed an essentially normal course in E. coli B/r infected with amN130 (Fig. 4) . When the analogue was present from the time of infection, however, HMase mRNA was overproduced (Fig. 4) . Such data support the idea that an interval of postinfection DNA synthesis is required for a proper turnoff of HMase mRNA production. In agreement with published data (74), absence of phage-specific DNA synthesis had only minimal effects on DHFR mRNA metabolism (Fig.  4) .
Since the amount of DNA synthesized in cells infected with amN130 phage can be modulated by the timely addition of FUdR, an estimate can be made as to the minimum amount of DNA replication required for a proper turnoff of mRNA production. For this experiment, a large culture of E. coli B/r was infected with amN130. At various times postinfection, a portion was transferred to a fresh vessel that contained analogue. All subcultures were harvested at 30 min postinfection, and RNA was assayed for the presence of functional messenger.
FUdR, added during the initial 3 min postin- (Fig. 7B) . Finally, addition of chloramphenicol en chloramphenicol was present from at 12 min had no obvious effect upon HMase fection times, HMase mRNA accumulated mRNA metabolism (Fig. 7B) . thin 75% of its normal maximum level To see whether the extremely high levels of 7A). However, it is clear that the presence messenger that accumulated upon the addition tibiotic substantially reduced the rate of of chloramphenicol at 6 min required de novo A accumulation. HMase mRNA made in synthesis of RNA, transcription was inhibited resence of chloramphenicol was metabol-from either min 12 or 25 postinfection (Fig. 8) . stable (Table 1) . When the addition of At both times tested, transcriptional inhibitors immediately arrested mRNA accumulation, but there was virtually no subsequent decay.
The data related above are consistent with the interpretation that all phage-specific functions involved in the repression of HMase mRNA production were first present at 6 to 8 min postinfection. Under both DO and MD conditions, a partial repression of HMase mRNA production must have taken place as evidenced by the fact that messenger accumulation was eventually replaced by an interval of decreasing mRNA levels (Fig. 1, 4, and 6) .
To see whether this partial repression required new protein synthesis, experiments were performed with T4Dam4x and chloramphenicol. In the absence of inhibitor, HMase mRNA levels rose until 20 min and subsequently decayed with an apparent half-life of 18 min (Fig. 9) Inhibitors of protein synthesis and reductase messenger accumulation. The preinfection addition of chloramphenicol had remarkably little effect on DHFR mRNA metabolism (Fig. 10) . In both the absence and presence of inhibitor, maximum messenger yields were obtained at 6 min. Messenger levels decreased at later times but at a slower rate in the presence of chloramphenicol. The inclusion of transcriptional inhibitors from 5.5 min postinfection failed to accelerate the apparent rate of DHFR mRNA decay in chloramphenicol (Fig. 11) (Fig. 10) . The somewhat higher maximum DHFR mRNA levels attained in the presence of chloramphenicol can be attributed to the slower rate of decay observed under these conditions (Fig. 11) . The results suggest that de novo synthesis of a phage-coded protein may not be an essential feature in regulation of DHFR mRNA synthesis. (20) , whereas small polypeptides (10 to 70 amino acid residues) are synthesized in the presence of chloramphenicol (20, 75 (53, 55, 63, 78) . It has been proposed that modifications of the host RNA polymerase play a role in transcriptional control during T4 development (52, 61, 78) . However, a correlation between viral-specific changes in the host RNA polymerase and alteration of transcribing activity has, thus far, been demonstrated only in the case of the products of genes 33 and 55 (58) . More recently, Horvitz (27, 28) has shown that host RNA polymerase is altered by a T4 protein injected with the DNA. However, using polyacrylamide gel electrophoresis techniques, Horvitz (28) failed to detect any early protein whose synthesis was controlled by the injected protein.
(ii) Parental T4 DNA rapidly attaches to the plasma membrane, and this attachment is not contingent upon prior synthesis of phagecoded proteins (22) . Associations between parental phage DNA and the plasma membrane have been implicated in transcriptional control (17) . Mathews (38) has shown that DHFR is overproduced in cells infected with UV-irradiated T2 phage, and UV-induced damage is known to inhibit normal attachment of parental phage DNA to the cellular membrane (22) .
T4 phage mutants defective in the turnoff of DHFR synthesis have been described (16, 32) . However, all of these mutants appear to affect translation and not transcription of DHFR mRNA (16) .
Regulation of HMase messenger metabolism. By min 20 of a DO program ( Fig. 1 and 4) , synthesis of this mRNA species had been repressed to the point where it no longer compensated for decay. Consequently, later times of a DO program were characterized by steadily decreasing mRNA levels ( Fig. 1, 2 , and 4). Since decay followed simple exponential kinetics, even in the absence of rifampin and streptolydigin, the maximum degree of repression possible under DO conditions must have been achieved by 20 min. Transcriptional inhibitors accelerated the apparent rate of mRNA decay observed at >20 min of a DO program to a rate comparable to that observed after a normal repression of mRNA accumulation (Fig. 2) . These latter data imply that proper termination of HMase mRNA production is precluded by the absence of DNA synthesis.
The extent to which HMase mRNA synthesis was repressed under DO conditions cannot be garnered from the data presented here. Judging from the time dependence of phenotypic supression of ambers in gene 42 by 5-fluorouracil, synthesis of HMase mRNA cannot proceed at more than 10% of its maximum rate at late times of a DO program (7) (8) (9) . Nevertheless, experiments with transcriptional inhibitors clearly suggest that even these small amounts of mRNA synthesis have significant effects on total mRNA levels (Fig. 2) . It should be noted that, at 30°C, the half-life of T4 early mRNA decay (19) is two to four times longer than the time required to complete an average-size messenger (10) . Consequently, it is conceivable that small amounts of RNA synthesis do have noticeable effects on total mRNA levels.
Proper termination of HMase messenger production also required functional MD proteins (Fig. 6) . However, processes controlled by these two proteins were not as important as DNA replication. Other authors have commented on the fact that overexpression of many early genes is greater under DO conditions (9, 29, 33 ).
An important element in the repression of HMase mRNA production seems to be an unknown protein that first appears 6 to 8 min after infection at 30°C ( Fig. 7 and 9 ; references 9 and 50). The mode of action of this protein as well as its interaction with DNA replication and the MD proteins remains obscure.
The requirements for proper termination of HMase messenger accumulation are similar, if not identical, to those reported by Sakiyama and Buchanan (50) in their study on kinase mRNA metabolism. This suggests that production of the two mRNA species is turned off by the same mechanism. The HMase gene is transcribed exclusively from a type ofpromoter that starts to function moments after infection (2, 17) , i.e., an early promoter (44) . The kinase gene, on the other hand, is transcribed exclusively from a special kind of prereplicative promoter, termed quasi-late (40, 44) , that does not start to function until 1.5 to 2 min after infection (2, 17) . If we are correct in assuming that expression of these genes is repressed by the same mechanism, it follows that this mechanism is not promoter specific.
The preinfection addition of chloramphenicol selectively inhibits accumulation of many T4 phage prereplicative messengers (1, 2, 4, 11, 25, 36, 46, 50, 51, 62; Witmer et al., in press ). HMase mRNA did accumulate under such conditions but at a subnormal rate (Fig. 7) . However, when the addition of drug was delayed until 6 min, the rate of mRNA accumulation appeared normal (Fig. 7) . Such data argue that optimum expression of the HMase gene requires an interval of postinfection protein syn-VOL. 19, 1976 on June 25, 2017 by guest http://jvi.asm.org/ Downloaded from thesis. A similar constraint was not evident in the case of DHFR mRNA production (Fig. 10) . These results confirm previous conclusions based upon indirect methods of mRNA detection (2, 36, 41, 46) .
It is well supported that chloramphenicol stabilizes most but not all T4 phage early messengers (2, 11, 76, 77) . In the case of HMase mRNA, complete stabilization was observed when chloramphenicol was added before or 6 min after infection but not when the drug was added at 8 or 12 min postinfection (Fig. 7) . Transposed into other terms, the ability of chloramphenicol to stabilize HMase mRNA decreased in concert with its ability to delay repression of mRNA production, implying that the two phenomena are functionally related. The exact significance of these latter observations remains unclear because the mechanism of messenger stabilization by chloramphenicol is still conjectural (18, 26, 30, 45) . In passing, we note that the ability of chloramphenicol to stabilize a-glucosyltransferase mRNA declines between 3 and 8 min postinfection at 37°C (50) .
